ABSTRACT: Microalgal populations along French coasts (English Channel, Bay of Biscay and Mediterranean Sea) have been sampled twice a month since 1987 within the context of the French Phytoplankton and Phycotoxin Monitoring Network (REPHY). This study used these data to characterize the large-scale geographical structures of microphytoplankton communities and to determine whether 'homogeneous' geographical areas exist in which microalgal populations display similar temporal variability schemes. Once the temporal variability component shared by all sampled coastal sites was identified, the 'residual' site-specific component was analyzed. Multivariate ordination methods were used to determine seasonal and inter-annual variability. The expected temporal pattern common to all sites was identified and the seasonal cycle of the most frequently observed phytoplankton communities along French coasts was described. The between-site analysis, using multitable comparison methods (RV-coefficient and multidimensional scaling), allowed the identification of 3 large areas (western English Channel, Bay of Biscay and Mediterranean Sea) according to the temporal variability patterns of microphytoplankton populations. The results, despite the coastal locations of REPHY sampling sites, indicate that the hydrodynamic characteristics of the different areas play a major role in the geographical structure of microalgal populations in French coastal waters. 
INTRODUCTION
The dynamics of coastal marine microphytoplankton communities is characterized by successions of species assemblages displaying typical schemes of spatiotemporal variability (Smayda 1980) . The succession of phytoplankton assemblages is mainly governed by local environmental conditions and by the response of phytoplankton populations to their variations (Goodman et al. 1984) . The diversity and the dynamics of phytoplankton populations result from the complex interaction of hydrodynamical, physicochemical and biological factors.
Numerous studies of phytoplankton spatio-temporal variability have concerned holistic variables such as total biomass or primary production (e.g. Radach & Moll 1993) . Such studies deal with the role of primary producers in the global functioning of the pelagic ecosystem, but have little relevance to other problematics. For instance, knowledge of the taxonomic composition of phytoplankton communities and of their spatio-temporal patterns is necessary to an understanding of the predominance of a precisely identified population. The dynamics of phytoplankton populations has been the subject of many recent studies concerning the development of harmful or toxic species (e.g. Rhodes et al. 1993) . Indeed, the negative effects associated with the proliferation of some phytoplank-ton species (economic losses to aquaculture, fisheries and tourism as well as an impact on human health) are such that the identification of environmental factors favoring their development is now of increasing interest (Zingone & Enevoldsen 2000) . However, the mechanisms of bloom species selection within phytoplankton communities are still unresolved (Smayda & Reynolds 2001) . In fact, it is essential to characterize the large-scale geographical and temporal patterns that determine the dynamics of phytoplankton communities over a wide area rather than those of an isolated population.
Until recently, little attention has been paid to the large-scale geographical and temporal patterns of phytoplankton communities, particularly because of the scarcity of long-term series on a large geographical scale. Successions of phytoplankton species have often been analyzed in localized areas (e.g. Hallegraeff & Reid 1986) , and phytoplankton species composition has been characterized and the 'dominant' species identified for different sampling sites (e.g. Belin et al. 1995) . However, these studies do not take the combined effects of temporal and geographical variability into account.
The purpose of this study was to exploit the information contained in data collected within the context of the French Phytoplankton and Phycotoxin Monitoring Network (REPHY) as a significant basis for the description of the geographical distribution and temporal patterns of microphytoplankton communities. The objective was to identify the global temporal variability patterns of phytoplankton populations observed along French coasts and to determine biogeographical areas based on the temporal variability of phytoplankton populations. The methodological approach used for the analysis was based on descriptive multivariate techniques allowing multidimensional data to be summarized in a geometric space.
MATERIALS AND METHODS
REPHY sampling and pre-processing of data. The REPHY monitoring network was set up by IFREMER in 1984 to achieve 3 closely related objectives: (1) obtain knowledge about the temporal development of phytoplankton populations along French coasts, (2) record all types of unusual phytoplankton-related events in the coastal environment, whether toxic, harmful or harmless, and (3) detect any occurrence of phycotoxin-producing species and toxic events within a public health context (Belin & Raffin 1998) . Twenty-nine sites are sampled bimonthly along 3 French coastal areas (English Channel, Atlantic Ocean and Mediterranean Sea). Phytoplankton identification and counts are performed in 12 IFREMER coastal laboratories. The network provides 15-year time series, which constituted the basic material for this study. They were recorded in the IFREMER 'Quadrige' database according to a list of 275 taxa ranging from species identification level up to the Protista group.
The expertise of REPHY observers has gradually improved since 1984, especially through internal training sessions, expert assistance and the use of various teaching materials such as taxonomic data sheets. However, this progress has sometimes led to discontinuities in time series, e.g. 1 phytoplankton species was classified into different taxonomic levels between 1987 and 2000. Thus, the regrouping of taxonomic units was considered necessary not only because of the difficulties in taxonomic identification and confusions between species or genera, but also to obtain homoge- neous data sets (i.e. comparable for sampling sites and in time). A panel of experts (see 'Acknowledgements') were questioned about the relevance (ecological consistency) of regroupings. A corrected data set for the period 1992 to 2000 with 78 taxonomic units was obtained. These units corresponded to a species, a regrouping of species, a genus, or a regrouping of genera. Due to problems in data quality, several taxa could not be retained for the analysis; consequently, some phytoplankton groups, such as Chlorophyceae, Chrysophyceae, Cryptophyceae, Cyanophyceae, Dictyochophyceae, Prasinophyceae, Prymnesiophyceae and Raphydophyceae, were not included in the study.
Monthly gap-free time series were used. As weather conditions did not always allow bimonthly sampling, a monthly abundance average was computed when 2 measurements were obtained in a month. These conditions allowed for inclusion of 17 of the 29 REPHY sampling sites (see locations in Fig. 1) .
Temporal variability analysis. The notations used here are indicated in Table 1 . Let A stu be the abundance (cells l -1 ) of taxonomic unit u measured at time t (one of the months of the 1992 to 2000 period) at sampling site s (s = 1,…, 17). Among the 78 taxonomic units retained after data preprocessing, 44 were selected on the basis of their occurrence percentages, being at least 0.20% relative to the total occurrences of all species. The list of the 44 taxonomic units selected for the analysis is indicated in Table 2 .
Abundances were log-transformed: X stu = log 10 (A stu + 1). In temperate coastal waters, phytoplankton communities are subject to a marked seasonal trend (Longhurst 1995 (Longhurst , 1997 . In order to identify the seasonal pattern (within-year variability) common to all sites, the mean m .tu and the variance var .tu of X stu over all sampling sites were calculated. Thus, 2 T × U (dates by taxonomic units) matrices M and V were computed over sites. Principal component analysis (PCA) was then performed to summarize the information contained in the average matrix M in order to describe the temporal variability pattern of taxonomic units on a large geographical scale.
The structure of the between-year variability of microphytoplankton populations was then explored after removal of the seasonal pattern by subtracting the monthly averages for each taxon from m .tu . The matrix thus obtained was then summarized by PCA.
Analysis of geographical variability. Geographical variability was assessed through a between-site dissimilarity analysis. First, data were standardized in order to allow for spatial comparison:
Here, it is implicitly assumed that temporal and geographical effects are additive, i.e. that there is no interaction between time and space. In fact, such interaction exists; however, the removal of the general temporal pattern component shared by all sampling sites will result in a residual spatial trend. The second step was to identify the specific patterns of local variability, as each site is now characterized by the time variations of corrected abundances. For site s (s = 1,..., S), let Z (s) be the U × T matrix with taxonomic units in rows and dates in columns. Due to standardization, column means in Z (s) are 0. In order to examine the between-site differences, the site matrices Z (s) need to be compared. Various methods have been proposed for statistical analysis of multitables (e.g. 3-mode PCA by Tucker 1964 , Kroonemberg 1983 ; triadic analysis by Thioulouse & Chessel 1987 Matrices A (u) S × T matrix of abundances for a taxonomic unit u: A stu X (u) S × T matrix of log-transformed abundances for a taxonomic unit u: X stu = log(A stu + 1) M T × U matrix of the site means for taxonomic unit u at date t: Table 1 . Notations used for data description 1994; multifactorial analysis by Escofier & Pagès 1994), but the results given by these methods are difficult to interpret when the number of tables is too large. Partly for this reason, multitable factorial analysis is not frequently used in oceanography, although this approach was used in earlier studies, e.g. on demersal assemblages (Gaertner et al. 1998 ), plankton communities (Beaugrand et al. 2000 and zooplankton communities (Licandro & Ibanez 2000) . In this study, PCA was used first to summarize each matrix site Z (s) , followed by a multitable method based on the RV-coefficient and metric multidimensional scaling (MDS) to allow comparison of these various summaries. PCA is a relevant tool for summarizing multidimensional data and has been used especially in oceanography (Manté et al. 1995 , Gray et al. 1990 , Ibanez & Dauvin 1998 . When Euclidean distance is used, results are not disturbed by rare species, contrary to other methods, such as multiple correspondence analysis based on chi-square metrics (Atchinson 1986 , Manté et al. 1995 .
Classically, the rows of the Z (s) matrix (taxonomic units) are represented by points in Euclidean space IR T . Let C(Z (s) ) be the configuration of points associated with Z (s) . In order to compare temporal variations of the corrected abundances over sites, the shapes and relative positions of pairwise C(Z (s) ) in IR T were analyzed. Two sites with similar configurations were considered to present the same temporal variations for all taxonomic units. Robert & Escoufier (1976) showed that the distance between 2 configurations C(Z (s) ) (or 2 sampling sites) can be estimated as follows:
with (2) (Escoufier 1973) and S ij , S ii , S jj are the empirical matrices of variance-covariance calculated from Z i and Z j :
Between-site similarities are represented graphically by MDS. Let D be the Euclidean matrix of between-site squared distances. By using the S(S -1)/2 between-site distances, the MDS method allows a configuration of S points in IR k (k ≤ S) to be estimated, such that the usual Euclidean distance between these points is equal to the between-site distances in the D matrix (Krzanowski 1982) . The proximities between sites can be displayed on 1 or several bidimensional plots according to the dimension k, which is necessary to obtain distances between vectors close to those in D.
The RV-coefficient -MDS combination can be considered as a simplified STATIS method (Escoufier 1973 , Lavit et al. 1994 ). In our case, the identification of Fig. 2a shows representations of individuals (dates) in the first factorial plane of matrix M PCA, with 40% of variance explained. Date coordinates show obvious intra-annual variability, and variables' representation (taxonomic units, figure not shown) in dual space associate the species with similar intra-annual variability, allowing identification of a seasonal cycle of taxonomic units. Axis 1 opposes taxonomic units with summer concentration maxima against taxonomic units with winter concentration maxima, and Axis 2 opposes taxonomic units with spring concentration maxima against taxonomic units with fall concentration maxima. Fig. 3 provides an example of the temporal variability of taxonomic units strongly correlated with the first and second axes. The 'summer' genus Leptocylindrus sp. (LEPT code) is opposed to the 'winter' genera group Porosira sp. + Thalassiosira sp. + Coscinosira sp. (PORTHAL code) on Axis 1 (Fig. 3a) , and the 'fall' genera group Thalassionema sp. + Thalassiothrix sp. (THAA code) is opposed to the 'spring' genera group Dinophysis acuminata + D. sacculus (DINOAC code) on Axis 2 (Fig. 3b) .
RESULTS

Seasonal patterns
Between-year changes
PCA performed on the matrix of seasonally adjusted m .tu exhibited a marked between-year structure, visible in the representation of individuals on both first main axes (Fig. 2b) . Almost 25% of the variance is explained by the first 2 principal components. The dual representation (Fig. not shown) allowed the most contributing variables in the explanation of temporal variability structure to be isolated. Fig. 4 shows the inter-annual variability of taxonomic units (the genera group Navicula sp. + Diploneis sp. + Amphora sp., the genus Pseudonitzschia sp., the species Karenia mikimitoi, and the genera regrouping Gymnodinium sp. + Amphidinium sp. + Cochlodinium sp. + Gyrodinium sp. + Katodinium sp. + Warnowia sp. 
Between-site differences
Between-site squared distance values were from 0 to 2 per construction, with most of the estimated distances ranging from 1 to 1.5. The distribution of distances (few short distances) and analysis of the stability of results (calculation of distances between tables built by inverting rows of the 17 initial tables) showed that the observed between-site structure was not due to a random effect. The first 3 eigenvalues of the matrix used for multidimensional scaling allowed 30% of the original distances to be reconstructed.
Multidimensional scaling results ( The taxonomic units with the 10 highest ratios of between-site variance to within-site variance, with their ecological characteristics and their geographical distribution, are indicated in Table 3 . Geographical distribution of these taxa was identified by examining their temporal variability at each sampling site (Figs. not shown) . Among the 10 taxonomic units, most (7) are diatoms, characterizing, in particular, the western English Channel (Asterionnella glacialis and Rhizosolenia delicatula) and the Mediterranean lagoons (Grammatophora sp., Licmophora sp., and Navicula sp. + Diploneis sp. + Amphora sp. 
DISCUSSION
Seasonal patterns
The examination of seasonality (Figs. 2a & 3) shows that the temporal variability of phytoplankton popula- tions in French metropolitan coastal waters is subject to a marked seasonal cycle, with the exception of some species or genera, such as the Navicula sp. + Amphora sp. + Diploneis sp. group (cf. Fig. 4a ) which are present all year-round. This has been confirmed by other studies focussing on changes of phytoplankton populations in temperate coastal areas (e.g. Longhurst 1995 Longhurst , 1997 . Fig. 6 , which shows the seasonal distribution of the 44 taxonomic units selected, confirms the opposition of wintersummer species (Axis 1) and spring-fall species (Axis 2), as displayed in Fig. 2a , and allows the succession of communities to be described. The seasonal progression from diatom- (Fig. 6b) to dinoflagellate-dominated communities (Fig. 6a) illustrates the basic characteristics of phytoplankton succession in temperate coastal waters (Smayda 1980) . These typical, well-known successions are usually associated with nutrient enrichment in a well-mixed water column triggering the spring, fall and winter blooms and with the input of nutrients into a stratified water column for the supply of summer blooms (Hallegraeff & Reid 1986 ). The summer dinoflagellate community (codes ALEX to PRORLIME, Fig. 6a ) follows the spring diatom bloom (codes THAA to BACT, Fig. 6b ). Most dinoflagellate species are characterized by abundance maxima between May and August, whereas diatom species are present in high numbers yearround, in particular with a distinct group of winter-fall species (code THAA to DETLAUD, Fig. 6b ). These seasonal patterns have also been described in other studies. For example, diatom species in temperate coastal Hendey (1964) , Ricard (1987) and Thomas (1996) waters, such as Skeletonema costatum (SKELCOS) or Thalassiosira nordenskioldii (species included in the Porosira sp. + Thalassiosira sp. group, PORTHAL code) have been identified as dominant winter-spring outbursting species (Levasseur et al. 1984 , Marshall & Lacouture 1986 . Along French coasts, Rhizosolenia sp. (grouped with Proboscia sp., PRORHIZ code) has been described as a genus blooming in late winter and early spring, and Dinophysis sp. as a summer genus (late spring-early summer for DINOAC and DINOROT, and late summer for DINODI in our results) (Videau et al. 1998 , Beliaeff et al. 2001 .
Between-year changes
Analysis of inter-annual variability revealed a significant break between 1994 and 1995 ( Fig. 2b) , which was confirmed by the temporal variability of the taxonomic units involved (Fig. 4) . Interpretation is difficult, as only 25% of the variance could be explained by the first factorial plane. Moreover, every species or genus concerned would require detailed specific interpretation in any given area, which was not performed in this study. However, identification of phytoplankton populations subject to unusual between-year temporal variability (e.g. exceptional development of a population in a given year) would be of particular interest with respect to harmful taxa and could be helpful in characterizing the environmental factors favorable to their development. For example, exceptional physical conditions were observed in the Bay of Biscay during 1994-1995. The plumes of 2 large river estuaries (Loire and Gironde) on the French Atlantic coast, which have an important physical influence on phytoplankton growth, overlapped during these years (Labry et al. 2001 ). These extraordinary conditions, caused by abnormal wind regime, and increase of the Gironde runoff, may have been the reason for the break, by affecting phytoplankton growth through the haline stratification (Levasseur et al. 1984) . PCA results show that the extensive development of Karenia mikimotoi (GYMNNAG code) in 1995 at Bay of Biscay sites was a significant factor accounting for the structure of inter-annual variability (Fig. 4b) . The bloom was not limited to its usual area of occurrence (western Brittany), but extended along the entire French Atlantic coast, causing exceptional losses of marine fauna (Gentien et al. 1998) 1995 event also involved multi-species blooms of such genera as Warnowia sp., Nematodinium sp., Amphidinium sp., Cochlodinium sp., Gyrodinium sp., Katodinium sp. and Gymnodinium sp. (Fig. 4b) .
Between-site differences
Removal of the seasonal trend facilitated the identification of 3 distinct geographical areas (western English Channel, Bay of Biscay, Mediterranean Sea; see Fig. 5 ). Changes in the dynamics of the species that contributed significantly to the geographical structure, as identified by the ratio of between-site to within-site variance (Table 3) , seem to be associated with different physical properties of the water column. The state-ofthe-art knowledge about the ecology of these species corroborated the close association found in our study between the distribution of the different phytoplankton assemblages and the hydrographic characteristics of the area (e.g. tidal current and wind regimes). Indeed, there is a close association between species composition of phytoplankton communities and the stratification of the water column, especially on diatoms/ dinoflagellates predominance. Turbulence inhibits dinoflagellate growth by causing physical damages, physiological impairment and behavioral modification, whereas diatoms are considerably less sensitive to turbulence (Thomas & Gibson 1990 , Smayda 1997 , Smayda & Reynolds 2001 . The French western English Channel coasts, where low freshwater inputs and physical forcing by high tidal amplitudes create a vertical mixing throughout the year (Garreau 1993), are characterized by two diatoms (Asterionnella glacialis and Rhizosolenia delicatula). The predominance of diatoms due to the vertical mixing of water column in this area has been described by other studies (e.g. Maddock et al. 1981 , Videau et al. 1998 . In contrast to the western English Channel coast, the French coasts of the Bay of Biscay are subjected to significant freshwater inputs (mainly from the Loire, Gironde and Adour rivers) accounting for the co-occurrence of typical marine species (e.g. Nitzschia longissima) and freshwater species (Euglenophyceae) (Dauvin 1997) . In this area, tidal currents are lower, and the circulation is mainly wind-driven. In summer, the spreading of freshwater over the shelf induced by upwelling favourable winds from NW, and the occurrence of a thermocline (Lazure & Jegou 1998) , induce a stratification of the water column favorable to the development of dinoflagellates, such as Gymnodinium sp., Gyrodinium sp. and Katodinium sp. (Marshall & Cohn 1983) . Mediterranean sites are divided into 2 groups: open sea and lagoon sites. In open sea sites, hydrological characteristics are closely associated with very small tidal amplitudes, and also marked by waters discharged by the Rhône river (Beckers et al. 1997) . The summer formation and deepening of a seasonal thermocline and transient wind-induced upwellings (Johns et al. 1992 ) allow the development of warm water dinoflagellates as Prorocentrum minimum (Videau & Leveau 1990 ). Mediterranean lagoons are described as diatoms-dominated ecosystems (Jarry et al. 1990 ). Because of their shallow depths, these lagoons are all year long well-mixed; this water column mixing is responsible for the presence of benthic diatoms as Licmophora sp. and Grammatophora sp. (Vaulot & Frisoni 1986 ).
CONCLUSION
Data collected in the context of the REPHY monitoring network constitute a significant basis for examining the large-scale temporal and geographical variability of phytoplankton communities. Mainly due to changes among the observers responsible for species identification, this study required meticulous pretreatment of data, especially with respect to a comprehensive regrouping of genera or species by a group of experts. Although extremely time-consuming, this validity checking phase was a crucial preliminary phase in our study: it gave us confidence in our results and, in terms of monitoring program management, provided final guidance for phytoplankton identification and corresponding coding in the database. Our qualified data set allowed to describe the temporal variability scheme, and particularly to illustrate the global seasonal trend for the most frequently observed species along French coasts. Moreover, geographical areas exhibiting similar phytoplankton population dynamics were identified. As REPHY sampling sites are located near the coast, the identification of homogeneous geographical areas was not a predictable result. Indeed, in the context of REPHY sampling, local characteristics, as anthropogenic impacts, are supposed to dominate. This illustrates the importance of hydrodynamic properties to the structure of coastal phytoplankton communities. Determination of the large geographical scale structure of microphytoplankton populations along French coasts should facilitate research concerning the 'discriminant' species characteristics of a geographical area and the effects of the environmental factors controlling the dynamics of these populations. As phytoplankton populations display similar temporal patterns within large geographical areas, a thorough study of the hydrodynamic characteristics of these areas could identify the physical parameters influencing the dynamics of these populations.
